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Introduction
The role of`central' obesity or intra-abdominal (visceral) adiposity in the development of severe health problems like diabetes and cardiovascular disease (CVD) has been subject to an increasing scienti®c interest [1±5] . It is now well established that obesity, and central obesity in particular, is associated with increased risk of several disturbances in lipid and glucose metabolism. In central obesity, glucose uptake, storage and utilization by the cells are diminished and the breakdown of triglyceride stores is increased with subsequent increase in the production of free fatty acids [2] . However, the relationship between visceral abdominal obesity and disturbed lipid and glucose metabolism is far from causative and conclusive, as pointed out by Terry et al. [6] and recently by Seidell and Bouchard [7] . There are still many plausible mechanisms that can link visceral fat accumulation and the metabolic consequences of obesity to each other.
Based on studies including several thousand individuals, Bjo Èrntorp and his study group presented in the 80s a fascinating hypothesis about the essential role of psychosocial stress factors in explaining the harmful health effects of abdominal obesity as well as the visceral fat itself [4, 8, 9] . The hypothesis has been extended and developed further during the last decade [5, 10±15] . Subjects with increased visceral fat accumulation are frequently characterized as anxious or depressed, and they often consume rather large amounts of alcohol, tobacco and drugs. According to the model, the primary event in the chain of adverse metabolic events is the chronic arousal of hypothalamicpituitary-adrenal cortex (HPA) axis as a result of a defeat reaction to psychosocial stress. This results in increased insulin resistance with disturbed lipid and glucose metabolism. Concomitantly, accumulation of visceral fat is enhanced because of its high density of glucocorticoid receptors. Visceral fat is thus basically an indicator of the hormonal disturbance.
Until now there have been no studies exploring the possible effects of genetic background on the link between psychosocial stress and overall, and especially visceral, adiposity. One feasible strategy to address this question is to examine healthy identical twins who are discordant for obesity. For this study, we examined the associations of both subcutaneous and intra-abdominal obesity [determined by magnetic resonance imaging (MRI)] with indicators of psychosocial stress in 20 pairs of identical twins with an average intrapair difference of 17 kg in body weight. Main measures were hormonal, physiological and sleep measures and indicators of psychological distress.
Experimental subjects
The twin pairs were selected from the Finnish Twin Cohort which includes all pairs (4307 monozygotic and 9581 like-sexed dizygotic pairs) of adult Finnish twins born before 1958 and alive in 1975 [16] . The selection procedure has been described in detail earlier [17] . A postal questionnaire was sent to all pairs under the age of 60 years to identify those discordant for obesity. Discordance for obesity was de®ned as a difference of at least 4 kg m ±2 in the body mass index (BMI), and, in addition, the BMI of the obese cotwin had to be more than 27 kg m ±2 , and that of the lean cotwin less than 25 kg m ±2 . If one or both of the cotwins had a history of endocrinological, psychiatric or other disease or was on medication (e.g. diuretics or b-blockers) possibly affecting lipid or glucose metabolism, the pair was excluded. A total of 28 twin pairs were examined.
After the physical examination, two pairs were excluded because of too small a BMI difference (<3 kg m ±2 ), and one pair because of a previously undiagnosed overt diabetes mellitus of the obese cotwin. However, three pairs with BMI differences between 3 and 4 kg m ±2 were included in the ®nal study population. The original assessment of the zygosity of the twin pairs [18] was con®rmed by a dermatoglyphic analysis of ®ngertip prints [19, 20] , and further by typing of DNA samples for markers at six different polymorphic gene loci [17] . Two pairs were found to be dizygotic, and they were excluded from the study. MRI could not be carried out in three pairs (two female, one male) in the measurement of the distribution of body fat, either because of claustrophoby experienced within the device or because of temporary malfunctioning of the equipment. Thus, the ®nal study sample consisted of 20 monozygotic, healthy twin pairs (12 female, 8 male) with an intrapair difference in BMI of over 3 kg m ±2 . Basic characteristics of the subjects are shown in Table 1 . At the time of the examination, one pair still shared the household, and 19 pairs were living apart. On an average, they had lived together up to the age of 19.8 years (range, 15±28 years).
The study was approved by the Local Ethics Committee, and written informed consent was obtained from all subjects.
Materials and methods
The examinations took place during a 3-day in-patient period. All tests were performed for each subject in the same order and in standardized conditions. Both cotwins were always examined on the same study days. Urinary hormone excretions were studied on a day separate from the exercise test day.
Adiposity and its distribution
The proportion of body fat was determined using the four-component method based on the division of body mass into four components with different densities: adipose tissue, water, minerals, and proteins [21] . Water mass was estimated by the bioelectric impedance method (BIA-101 A/S; RJL System Inc., Clemens, MI, USA) [22] , mineral mass by dual energy X-ray absorptiometry (Norland XR26; Norland Corporation, Fort Atkinson, WI, USA), and the density of the whole body by underwater weighing. The percentage proportion of adipose tissue was calculated according to the formula of Siri [23] . The distribution of body fat was measured by MRI (Mega4; Instrumentarium Co, Imageing Division, Helsinki, Finland) [17, 24] . Visceral and subcutaneous fat areas were measured at the level of the fourth lumbar vertebra. To classify the twins according to the degree of the visceral fat accumulation, the twin pairs were divided into two groups according to gender-speci®c median value of abdominal visceral fat area (AVF) in the obese cotwin as described earlier [25] . The median values were 109 and 58 cm 2 for men and women, respectively.
Blood pressure and basal metabolic rate
Blood pressure was measured with a standard mercury sphygmomanometer in sitting position after 5 min rest to the nearest 2 mmHg. Fifth Korotkoff's sound was taken as diastolic blood pressure. Basal metabolic rate was measured immediately after wakeup using indirect calorimetry (Delta-track R ; Instrumentarium, Finland) as described previously [26] .
Exercise test
A continuous, graded bicycle ergometer exercise test with 5-min steps of 30±70 W (according to individual ®tness level) was performed until voluntary exhaustion. Blood specimens for catecholamine analysis were taken at rest, at maximum workload and 10 min after exercise.
Biochemical methods
Fasting serum and 24-h urinary cortisol (Farmos Diagnostica; Orion Corporation, Turku, Finland), serum adrenocorticotropic hormone (ACTH; Nichols Institute Diagnostics, San Juan Capistrano, CA, USA), corticosteroid-binding globulin (CBG; Medgenix Diagnostics, Fleurus, Belgium) and testosterone (Farmos Diagnostica, Oulunsalo, Finland) concentrations were determined by radioimmunoassay. Serum and urine catecholamine concentrations were analysed by a HPLC-technique using an electrochemical detector (ESA 5100 A; ESA Inc., Bedford, MA, USA) and analysis kits supplied by Pharmacia LKB Biotechnology (Uppsala, Sweden).
Sleep measures
Nocturnal body movements and ballistocardiac and respiratory activities during the time in bed were recorded using the static charge sensitive bed (Bio-Matt R ; Biorec Inc., Turku, Finland 1 ) [27, 28] . Recordings were conducted over one night in a single patient room. Nocturnal body movements and the sleep stages were automatically analysed and scored, and the breathing disturbance index was formed as described in detail earlier [29] .
Sleep habits were studied by using the Sleep Habit Questionnaire of the Social Insurance Institution, Finland. The questionnaire consists of 65 multiple choice questions including items offering two to eight possible responses. Its test±retest stability over 1 year has been shown to be good [30±32]. 
Psychological measures
Experienced distress and self-rated behavioural features were assessed by three widely used methods: the Beck Depression Inventory [33] , the Hamilton Rating Scale for Depression [34] and the Nottingham Health Pro®le [35] . The Beck Depression Inventory consists of 21 items concerning the most common psychological features of depressed patients. The Hamilton Rating Scale for Depression is based on the rating of 17 items by an experienced interviewer. The Nottingham Health Pro®le describes subjective experience of health and illness [36] . It has 37 items compiled into six dimensions: energy, emotional reaction, social isolation, pain, physical disability, and sleep.
Statistical analyses
Data analyses were carried out using the SAS software, Version 6.09 (SAS Institute, Cary, NC, USA). Student's t-test (two-tailed) was used in comparisons between men and women. Paired t-test and Wilcoxon Matched-Pairs Signed-Ranks test (skewed distributions) were used to test intrapair differences between the obese and nonobese cotwins. When comparing the pairs in groups A and B (AVF of the obese cotwin above and below the median AVF, respectively), the intrapair difference between the obese and nonobese cotwins was used as a variable, and comparisons of the differences were performed using Student's t-test or Mann±Whitney U-test (skewed distributions). The results were calculated also by utilizing Spearman's partial correlations between intrapair differences in AVF and psychosocial and hormonal measures adjusted for differences in BMI.
Results
Serum testosterone concentrations showed different trends in men and women with respect to obesity ( Table 1) . Testosterone levels were signi®cantly (P 0.016) higher in nonobese men when compared with obese men, whereas in women the average level tended to be higher in the obese cotwins. For both genders, most stress hormone levels in serum or their urinary excretions did not differ signi®cantly between the obese and lean cotwins ( Table 2) . Only urinary noradrenaline tended to be about 20% higher (P 0.027) in the obese cotwins. However, heart rate and systolic and diastolic blood pressures at rest were signi®cantly higher in the obese cotwins when compared with the lean cotwins ( Table 2) . In order to evaluate the associations between psychosocial factors and the distribution of body fat we compared groups A and B in which the AVF area in the obese cotwin was above and below the gender-speci®c median value, respectively (Tables 3±6).
Intrapair differences in daily urinary cortisol and noradrenaline excretion differed between groups A and B (P 0.026 and P 0.020, respectively) ( Table 3 ). The mean levels were higher (about 70 and 60%, respectively) in the obese than the lean cotwins in the pairs with high visceral fat Genders combined, n 20 pairs. Paired t-test: P > 0.10, if not otherwise stated. accumulation but no such difference was observed in pairs with subcutaneous type of fat distribution. BMI adjusted partial correlation coef®cients between intrapair differences in these two hormone measures and differences of AVF area support the ®ndings obtained by analysing the subjects in two AVF groups (r 0.419, P 0.084 for cortisol, and r 0.414, P 0.087 for noradrenaline). Serum testosterone concentrations in women, and cortisol, ACTH and CBG concentrations showed a similar trend, although not statistically signi®cant, with respect to fat distribution. However, intrapair differences between obese and lean cotwins in urinary adrenaline excretion and serum noradrenaline concentrations both at rest and during exercise, as well as in serum testosterone concentrations in men, did not differ between groups A and B (Table 3) . The average daily intake of alcohol was low in the study subjects. The intrapair difference in alcohol intake appeared to be divergent in twin pairs strati®ed by AVF area in the obese cotwin (Table 4 ; P 0.031). Obese cotwins with high visceral fat area (group A) reported almost 2.5-fold alcohol consumption when compared with their lean cotwins, whereas in pairs with lower amount of visceral fat (group B) alcohol consumption tended to be higher in the lean cotwins. Three pairs in group A and three pairs in group B were discordant for smoking. The nonobese cotwins were smokers in ®ve of these pairs (not shown in the tables). The intrapair differences in heart rate and systolic and diastolic blood pressures were rather similar within the two twin subgroups strati®ed by the AVF area (Table 4) .
Objective nocturnal measures recorded by the static charge sensitive bed showed that variables indicating minor sleep disturbances were associated with increased abdominal visceral fat ( Table 5 ). The mean amount of active sleep was statistically signi®cantly higher and the mean amount of quiet sleep lower in the obese cotwins when compared with the lean cotwins in the pairs with intraabdominal fat accumulation, whereas no such intrapair difference was observed in pairs with subcutaneous fat accumulation. A similar trend with respect to fat distribution was observed in the intrapair differences in the amount of nocturnal breathing disturbances (partial correlation of the intrapair differences with differences of AVF: r 0.565, P 0.015).
Psychological tests revealed an association between psychological distress symptoms and increased abdominal visceral fat accumulation ( Table 6 ). The mean levels of emotional reactions indicating distress and lack of subjective energy as assessed by the Nottingham Health Pro®le, were higher in the obese than in the lean cotwins only amongst the pairs with Genders combined: 10 pairs, four male and six female, above the median, and 10 pairs, four male and six female, below the median. Paired t-test: P > 0.10, if not otherwise stated. P* P-value for the comparison of the intrapair differences in group A vs. group B. Genders combined, n 10 pairs above and 10 below the median. P > 0.10, if not otherwise stated. Paired t-test was used except for alcohol intake where Wilcoxon Matched-Pairs Signed Ranks test (intrapair differences) and Mann)Whitney U-test (between groups) were utilized. P* P-value for the comparison of the intrapair differences in group A vs. group B. Genders combined, 10 pairs above and 10 below the median. Paired t-test: P > 0.10, if not otherwise stated. P* P-value for the comparison of the intrapair differences in group A vs. group B. AVF above median in the obese cotwin (partial correlations of the intrapair differences with differences of AVF: r 0.573, P 0.013 for distress, and r 0.532, P 0.023 for lack of energy). A corresponding, although not statistically signi®cant, trend was observed in depressive symptoms as measured by Beck Depression Inventory and Hamilton Rating Scale of Depression (Table 6 ).
Discussion
In a group of identical twins discordant for obesity, intrapair differences were observed in urinary cortisol and noradrenaline excretion, alcohol intake, amount of quiet sleep and emotional distress reactions within those twin pairs with abdominal visceral fat area above the median in the obese cotwins, whereas other twin pairs did not express such intrapair differences or the differences were opposite. Adjustment for smoking did not materially change the results. Our results thus indicate that when genetic factors are identical, high visceral fat accumulation, but not obesity in general, appears to be in association with the hormonal, behavioural, psychological and physiological markers of increased psychosocial stress. Therefore, our ®ndings are consistent with the hypothesis that psychosocial stress induces hormonal changes leading to intra-abdominal fat deposition [10] . Visceral fat accumulation, on the other hand, is strongly related to diminished insulin sensitivity and lowered glucose tolerance, as well as, to an atherogenic lipid pro®le, observations reported in many previous studies [e.g., 2, 25] , and also in the twins of the present study [17, 37] . In our study, obese cotwins with high abdominal visceral fat area had also somewhat higher abdominal subcutaneous fat area compared with their lean cotwins; the average intrapair differences of subcutaneous fat area were 134 and 95 cm 2 in the high and low AVF groups, respectively (a 1.4-fold difference between the groups). However, the intrapair differences of AVF area were 78 and 26 cm 2 in the high and low AVF groups (a 3-fold difference) [37] . So, the obese cotwins in the high AVF subgroup were more speci®cally characterized by visceral fat than by subcutaneous fat accumulation. However, our study sample did not include any extremely obese subjects.
According to the hypothesis of stress-induced visceral fat accumulation, excessive release of corticotropin-releasing-factor, ACTH and cortisol, and the concomitant inhibition of the secretion of certain sex steroid hormones are responsible for intraabdominal fat deposition [9] . Sympathoadrenal stimulation by psychosocial stress has caught less attention in this hypothesis. Lowered activity of the sympathetic nervous system and subsequent low basal energy expenditure have often been connected with obesity in general [38] . We observed increased urinary noradrenaline excretion in the obese cotwins with intra-abdominal type of fat accumulation, suggesting that in these subjects, in addition to the activation of pituitary-adrenal cortical system (`loss of control' type reaction) [9] , also increased sympathoadrenal activation (`threat to control' type reaction) [9] may be involved in the development of intra-abdominal obesity. In agreement with our data previous studies have reported increased plasma noradrenaline appearance rates [39] and increased cerebrospinal¯uid methoxy-hydroxyphenylglycol (catecholamine metabolite) concentrations [40] in obese subjects with increased waist±hip ratio. Some hormone differences between obese and lean cotwins in this study did not reach statistical signi®cance, perhaps because of the limited number of monozygotic twin pairs. Especially the interpretation of serum ACTH results was hampered by the large interindividual variation. However, if observed, the intrapair differences in the biochemical stress markers were in favour of the hypothesis of stress-induced visceral fat accumulation. It must also be pointed out that the serum hormone values represent only a single time-point. Therefore, it was interesting to ®nd that amongst the various hormonal markers the most outstanding intrapair differences in twin pairs prone to visceral fat accumulation were seen in 24-h urinary cortisol and noradrenaline excretion, which re¯ect the long-term release of these stress hormones. In addition, serial salivary cortisol measurements have been used in estimating the activity of the HPA axis in everyday life [14] . An indisputable advantage of the present type of study on identical twins is that the interpretation of the data is not confused by genetic differences. All the intrapair differences observed in the biochemical, psychological and physiological parameters and in the body fat distribution are the result of living habits or other environmental factors. On the other hand, it has to be remembered that we examined only associations; the direct causal relationship of the events still remains to be proved.
Previously we have shown [29] that differences in sleep behaviour between monozygotic cotwins are related to discordance in the BMI. Our present results suggest that this association is solely because of the amount of visceral abdominal fat. The association can in principle be explained in two ways: ®rst, objective sleep disturbances may be an indicator of psychosocial stress, and second, visceral obesity itself may induce sleep disturbances. This links it to the hypothesis on the role of central obesity in the development of health problems [5, 10±12] . In our study, subjective quality of sleep was not related to visceral fat area. This is somewhat surprising because psychological distress symptoms measured by the emotional reactions and energy subscales in Nottingham Health Pro®le were related to visceral fat accumulation. The discrepancy is probably explained by the mild degree of subjective sleep disturbances, i.e. their low variability in our subjects. The important thing is, however, that in our previous report [29] subjective distress symptoms were not related with BMI in general. Yet, using the visceral fat as the grouping factor, the association predicted by the hypothesis could be found.
There are only a few studies that have tested the psychological aspects of the hypothesis that a defeat reaction to stress would result in hyperactivity in the HPA axis. It has been reported that symptoms of depression are positively associated with the waisthip ratio in adults with type 1 diabetes [41] and in men and postmenopausal women [42] . Our studies are in line with these data. Although the association of depressive symptoms with the central pattern of body fat distribution was relatively weak in our small number of identical twins, the same trend was shown by both measures of depressive symptoms, namely the Beck Depression Inventory and the Hamilton Rating Scale of Depression. Previously, type A behaviour has been reported to be inversely related to the central pattern of body fat distribution in male subjects [41, 43] . The waist±hip ratio adjusted for BMI has been shown to be positively associated with laboratory and chronic stress [44] , and with aspects of anger, anxiety, tension and depression, but not with type A behaviour in women [45] . However, Kaye et al. [46] found only a weak association between increasing hostility and economic dif®culties with the waist±hip ratio adjusted for BMI in young adults. Our ®nding that emotional reactions and the lack of subjective energy, as measured by the Nottingham Health Pro®le, were clearly associated with the central pattern of body fat distribution can be interpreted to be in line with previous studies. In addition, we observed that in the same subjects both psychological and hormonal indicators of psychosocial stress were related to visceral fat accumulation.
In conclusion, the results of this study on monozygotic twins discordant for obesity are in accordance with the hypothesis proposing that intra-abdominal fat accumulation may basically be the result of chronic psychosocial stress with concomitant hormonal changes affecting the metabolism of adipose tissue.
